Abstract: A method of analysing H F dipole curtain arrays is presented which uses a circuit model to compute the currents fed to the dipole elements. A standard moment-method analysis is carried out once to establish the short-circuit admittance matrix for the set of dipoles. Subsequently the circuit-model analysis can be used to compute the performance of the array with alternative feeder configurations very quickly. Mutual coupling within the array is taken fully into account. Measured results are presented in confirmation.
Introduction
The design of large curtain arrays for broadcasting in the 3 to 30 MHz band has followed traditional lines for many years, and since the 1970s has been accelerated by the use of computer analysis methods such as ARROW [l] and NEC [2] which enable the performance of a given design to be evaluated more quickly and with greater confidence than before. These programs, based on the moment method [3], rely on dividing the component wires of the antenna into segments approximately 0.1 wavelength long. For a typical array of 16 dipoles in a 4 by 4 configuration with a reflecting screen, the number of wire segments can approach 1OOO. Since a complex interaction matrix of size N x N must be solved, N being the number of wire segments, the computation is clearly nontrivial. The method described here is an analysis based on a circuit model, in which the matrix size equals only the number of dipoles rather than the number of wire segments. A full moment-method analysis must however be carried out once for each frequency of interest, to establish the short-circuit admittance matrix for the set of dipole elements. Thereafter, using the method described here, different feeder configurations can be evaluated quickly using the circuit model with minimal use of computer time. The circuit model is given in Section 2, and some results are presented in Section 3.
The design of a curtain array using the present moment-method programs is intensive in terms of computer time. Much of the time is spent in simulating the array with a number of alternative feeder arrangements to ensure that the required beam-slew angles in both the horizontal and the vertical planes are obtainable in the presence of coupling between the dipole elements. The use of a circuit model such as the one presented here enables the designer to simulate the array using any number of alternative feeders without the necessity of reinverting the N x N interaction matrix each time. This reduces the total computer time by a significant factor, equal approximately to the number of alternative feeder networks that have to be considered.
The present method represents a complete analysis of the problem described by Beeke, Manton and Thoday [4]. They suggest that the element impedance matrix can be obtained by measurement. For the circuit-model method the matrix is found beforehand by computer analysis of the array using one of the moment-method codes.
Circuit model
The method is explained in terms of a 4 by 4 dipole curtain array. The 16 dipoles elements constitute a 16 port passive linear network which is connected to a 17 port passive linear feeder network made up of a tree-type power splitter with one input port and 16 output ports (see Fig. 1 ).
diDoles
A I L - The analysis uses an existing method by R.L. Carrell
[SI which treats the parallel connection of two N-port networks fed at one node only, To allow Carrell's method to be applied directly, the 16 port element network is extended to 17 ports by addition of a dummy port containing a suitable dummy load without mutual impedances to the other elements (see Fig. 2 ). are connected in parallel, with energy introduced only at the 17th port of the feed network. The 17th port of the feed network is connected to the dummy 17th port of the element network only for the purpose of analysis, since the dummy load is not required in the real array. After completion of the numerical solution, the true input impedance to the array is readily calculated by removing the parallel impedance introduced by the dummy load.
If Y represents a short-circuit admittance matrix and Z an open-circuit impedance matrix, with suffixes E and F referring to the element and feed networks, the following relations apply for the voltages and currents in the two circuits:
With the two circuits in parallel, V, = V, for all 17 nodes. Also, I , = -I F for the nondriven nodes 1-16. Thus, following Carrel's analysis for a log-periodic dipole array, we obtain the net nodal current vector I as follows:
where U is the unit matrix. Now I is a simple column vector consisting of all zeros in every position except the 17th. In the 17th position is the drive current, which may conveniently be set to one amp. Thus eqn. 5 can be inverted to find the currents in the element circuit, i.e. the dipole feed currents I , = ( U + Y F Z J 9 (6) These currents can then be used to compute the radiation pattern of the array. Furthermore the voltages at all the feed ports can be found by simple matrix multiplication 180 using eqn. 1 in conjunction with the element currents. This then gives the input impedance of the array which is numerically equal to the voltage at port 17.
The element impedance matrix Z , is found by inverting the corresponding short-circuit admittance matrix. This is found by carrying out a complete momentmethod analysis for the dipole array, and driving each element in turn with the others short-circuited. With one element driven, the set of 16 currents in all the dipoles fills one row of the element admittance matrix.
The feeder admittance matrix is established by conventional methods of circuit analysis. One port is driven and the computed current into that port together with the short-circuit currents at the other ports constitutes one row of the matrix. The matrix is filled by driving all the ports in turn, one at a time.
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Results
Results are given for a circuit-model simulation of a 16 dipole curtain array for 6-12 MHz. This uses box-dipole elements 14.7 m long and 2.5 m wide in a 4 by 4 array with a reflecting screen. The box dipole is a wideband folded dipole made up of 14 wires in an arrangement illustrated in Fig. 5 . In the array the lowest row of dipoles is at a height equal to half the design wavelength of 35.5 m.
The feeder arrangement is shown in Fig. 1 . The energy is input at a nominal 37.5 ohms to two 17.7 m lengths of 75 ohm feeder in parallel. These then feed four 48.63 m lengths of 150 ohm feeder, which in turn feed eight 20.24 m lengths of 300 ohm feeder. The final power distribution to the individual dipoles is made via 16 lengths of 600 ohm feeder each 7.62 m long. It will be seen that the four 150 ohm sections are longer than might be thought necessary from the schematic diagram given in Fig. 1 . This is to bring their lower ends to ground level for the inclusion of slewing loops for beam-steering.
The 16 dipoles, with a backing screen consisting of a set of 15 parallel wires, were simulated using the program NEC [2] with 432 wire segments representing the dipoles and 225 representing the screen (a total of 657 wire segments). The resulting admittance matrices, one for each frequency, were combined with the feeder matrices in a program based on the theory given in Section 2. The voltage and current on each dipole were computed at each frequency and from these results the total power fed to the inner and outer vertical stacks of dipoles were computed and plotted against frequency in Fig. 3 as a percentage of the total power fed to the array. In the perfectly balanced case all four stacks accept 25% of the total power. It can be seen that at certain frequencies, especially at the lower end of the range, the powers become markedly unequal.
A simulation run to obtain the short-circuit admittance matrix for the dipoles alone took 2.7 hours per frequency using the NEC program on a VAX 11/750 computer. A subsequent feeder analysis run using the admittance matrix and applying the present method took only seven seconds. Since alternative feeder configurations took only a further seven seconds each it can be seen that the circuit-analysis method offers a saving in computer time when two or more feeder arrangements must be simulated. As a comparison, the equivalent NEC run in which the complete array including the feeder was simulated took 1.8 hours per frequency.
Measured results for a similar case are given in Fig. 4 .
The measured forward powers fed to each inner and each frequency, M H z 
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The imbalance between the inner and outer stacks of dipoles is seen from Figs. 3 and 4 to be highly resonant, necessitating computer analysis at intervals of 0.1 MHz. The effect can be shown to be due to mutual coupling between the dipoles, as is easily demonstrated by running the circuit model with the mutual impedances (i.e. all the off-diagonal elements in the element impedance matrix) set to zero. It is known that this state of affairs is true only when a curtain array operates without beam slewing. When the beam is steered to an alternative azimuth angle by adding sections of feeder to introduce phasing across the array aperture, an additional mechanism comes into play introducing further imbalances.
Conclusions
The circuit-model method described above enables the performance of large H F curtain arrays to be computed in a fraction of the time previously required, in cases where more than one alternative feeder configuration has to be assessed theoretically. In a commercial design the number of feeder options can exceed 10 and during the design many more options than this must be considered.
Computations are required at upwards of 20-30 frequencies within the design range and it is therefore clear that the method gives a considerable saving in computer time.
Mutual coupling between the dipoles is taken into account fully. Section 3 shows that the method can 
